Abbreviations {#nomen0010}
=============

AII

:   Angiotensin II

BAEC

:   bovine aortic endothelial cells

eNOS

:   endothelial nitric oxide synthase

GDP

:   guanosine-5′-triphosphate

GTP

:   guanosine-5′-triphosphate

HVR

:   carboxyl-terminal hypervariable region

ICMT1

:   isoprenylcysteine carboxymethytransferase-1

iNOS

:   inducible nitric oxide synthase

MDS

:   myelodysplastic syndromes

MPD

:   myeloproliferative diseases

NADPH

:   nicotinamide adenine dinucleotide phosphate

NO

:   nitric oxide

PDEδ

:   phosphodiesterase-δ

PKC

:   protein kinase-C

RCE1

:   Ras-converting enzyme-1

RNS

:   reactive nitrogen species

ROS

:   reactive oxygen species

Mn-SOD

:   manganese-containing superoxide dismutase

SSc

:   systemic sclerosis

1. Introduction {#sec1}
===============

Various studies support the notion that Ras GTPases are regulated by reactive oxygen and nitrogen species \[[@bib1], [@bib2], [@bib3], [@bib4], [@bib5], [@bib6]\]. Redox signalling is a form of signal transduction that progresses through the reversible oxidation of cysteines in proteins, mostly mediated by hydrogen peroxide as a second messenger. Few members of the small GTPase family are redox sensitive (H-Ras, N-Ras, K-Ras, E-Ras, Rap1A and Rap1B and some Rab proteins) and their known conserved redox-sensitive sequence, the NKCD amino acid sequence (Asn116-Lys117-Cys118-Asp119), is located in the G-domain and is virtually identical in all proteins containing this motif. Oxidation of specific amino acid residues in many small GTPases affects protein stability, activity, localization and protein-protein interactions \[[@bib4]\]. Moreover, the observation that many oncogenes, such as *RAS*, and many tumour suppressor proteins, such as *P53*, can directly or indirectly alter the redox state of a cell \[[@bib7], [@bib8], [@bib9], [@bib10]\] reinforced the link between RAS redox circuitries and cancer.

Chemical modifications of Ras proteins consist of post-translational modifications occurring at the hypervariable region (HVR); in particular, Cys residues undergo farnesylation and palmitoylation. Other chemical modifications such as phosphorylation, ubiquitination and oxidation (*S*-glutathionylation, *S*-nitrosylation) involve the entire Ras sequence and are highly specific. These modifications induce distinct sensitivity, which is exhibited by individual Ras isoforms and their functional interactions with direct and/or downstream effectors. Notably, the direct effects of endogenous redox agents on these small GTPases perturb GTPase nucleotide-binding interactions that result in the enhancement of the guanine nucleotide exchange rate of these enzymes \[[@bib11],[@bib12]\] ([Table 1](#tbl1){ref-type="table"}).Table 1Major redox modifications on wild-type Ras protein.Table 1Ras isoformInducerChemical modificationMethodCell typeEffects on Ras expression and phenotypic readoutsReferencesH-Ras*S*-nitrosocysteine (NO)*S*-Nitrosylation (Cys118)Optical waveguide light-mode\
Spectrometry and GTP-bound activationBovine brain cortex tissue and Lipid BilayersDecreases catalytic activity\[[@bib13]\]H-Ras*S*-nitrosocysteine (NO)*S*-Nitrosylation (Cys118)MS, immunoblot and immunofluorescenceNeural stem cells (NSC) and subventricular zone (SVZ)Cell proliferation and neurogenesis\[[@bib14]\]K-Ras4B*S*-nitrosoglutathione (NO)*S*-Nitrosylation (Cys118)LC-MS/MSHuman cancer colon (CRC)--\[[@bib15]\]p21^Ras^ full-lenght^b^oxidized low-density lipoproteins (oxLDL) (NO)*S*-Nitrosylation (Cys118)GTP-bound activationBovine aortic endothelial cells (BAEC)Increased catalytic activity\[[@bib12]\]p21^Ras^fragment 1-166*S*-nitrosocysteine (NO)*S*-Nitrosylation (Cys118)NMR, MSTest-tube assayNo effects^a^\[[@bib16]\]N-RaseNOS-derived NO*S*-Nitrosylation (Cys118)Flow cytometry, Time-Lapse Fluorescence Microscopy, ImmunoblottingMouse T cellsGTP-bound activation\
T cell apoptosis\[[@bib17]\]H-RasHigh palmitate/high glucose (HPHG) (ROS)*S*-glutathionlyation (Cys181; Cys184)MALDI-TOF-MSBovine aortic endothelial cells (BAEC) and cardiac tissueDecreased palmitoylation\[[@bib18]\]H-RasAngiotensin II (ROS)*S*-glutathionlyation (Cys181; Cys184; Cys186; Cys80)MALDI-TOF-MS, GTP-bound activationRat vascular smooth muscle cells (VSMC)Increased catalytic activity\[[@bib11]\]H-Ras*S*-nitrosocysteine (NO)*S*-NitrosylationRadiolabeling, Immunoprecipitation and immunoblottingMouse fibroblasts NIH-3T3Increased palmitate turnover\[[@bib19]\]H-Rassodium nitroprusside (NO)\
hypoxia/normoxia*S*-NitrosylationImmunoprecipitation, immunoblotting and S-nitrosylation assayRat pheochromocytoma PC12Decreased S-nitrosylation\[[@bib20]\]H-Ras*S*-nitrosoglutathione (NO)*S*-NitrosylationLive-fluorescence microscopy, GTP-bound activation, immunoblottingHuman umbilical vein endothelial (HUVEC) and HeLa cellsGTP-bound activation and compartmentalization\[[@bib21]\]H-Ras*S*-nitrosocysteine (NO)*S*-nitrosylation and *S*-glutathionlyationImmunoprecipitation and immunoblotting, Isoelectric focusing (IEF)Mouse fibroblasts NIH-3T3 and *in vitro* assayLipid turnover\[[@bib22]\]p21^Ras^ full-lenghtHischemic perfusion*S*-glutathionlyationMALDI-TOF-MSRat Ischemic heart--\[[@bib23]\]

Several excellent reviews have recently been published that describe the biochemistry of Ras redox signalling in deep detail \[[@bib3], [@bib4], [@bib5], [@bib6],[@bib24]\]. This review focuses on the Cys80-, Cys118-, Cys181-, Cys184-, and Cys186-based redox signalling of the Ras small GTPases by highlighting the differences between the four Ras isoforms and their cellular consequences. Pathophysiological involvement of this redox regulation of native Ras proteins is discussed in the context of cancer and in heart and brain diseases. Moreover, oncogenic mutation of Gly12Cys and Gly13Cys may introduce additional oxidative centres and represent actionable drug targets. Downstream signalling, such as that involving IP3K or MAPK, and the in-depth chemical analysis of redox signalling are not a major focus of this review.

2. RAS proteins structure {#sec2}
=========================

All Ras proteins consist of 188 or 189 amino acid residues with a molecular weight of approximately 21 kDa. K-Ras, H-Ras and N-Ras display two domains: (*i*) the catalytic domain (G domain), which corresponds to the amino acid residues 1--166; and (*ii*) the hypervariable region (HVR), which corresponds to residues 167--189 \[[@bib25]\]. The G domain is characterized by five motifs (G1-G5). The G1-G3 motifs build up the effector lobe (amino acids 1--86) containing the Switch subdomains, I and II (residues 32--38 and 60--75, respectively); the sequence identity of G1-G3 is 100% in all family members. On the other hand, the G4 (NKCD; *i.e.*, Asn116-Lys 117-Cys118-Asp119) and G5 (ETSAK; *i.e.*, Glu143-Thr144-Ser145-Ala146-Lys 147) motifs build up the allosteric lobe (amino acids 87--166); the sequence identity is 82% among all family members \[[@bib26]\]. The amino acid sequence of the *C*-terminal HVR domain (amino acids 167--189) is highly flexible and divergent among the Ras proteins, except for the CAAX motif (*i.e.*, Cys185-Aaa186-Aaa187-Xxx188; where Aaa is an aliphatic amino acid residue, and Xxx is the *C*-terminal amino acid residue). Although all four Ras isoforms (*i.e.*, K-Ras4A, K-Ras4B, N-Ras and H-Ras) display Cys residues at positions 51, 80 and 118 in the G-domain, the HVR differs in the Cys content \[[@bib27],[@bib28]\]. In addition, the poly-Lys stretch (amino acids 175--180), which is believed to interact with the negatively charged head groups of plasma membrane lipids, is present only in K-Ras4B \[[@bib27],[@bib29],[@bib30]\] ([Fig. 1](#fig1){ref-type="fig"}).Fig. 1Multiple amino acid sequence alignment of K-Ras4B (PDB ID code: 5TAR, chain A) \[[@bib30]\], K-Ras4A (UniProtKB entry: P01116-1) \[[@bib32]\], H-Ras (PDB ID code: 5 X 9S) \[[@bib33]\], and N-Ras (PDB ID code: 3CON) (Reid et al., 2017). The amino-acid sequences have been aligned with CLUSTAL omega \[[@bib107]\] using the BLOSUM62 substitution matrix \[[@bib108]\] to score both pairwise and multiple alignment. In bold are reported the amino acid residues building up the three-dimensional structures of K-Ras4B, H-Ras, and N-Ras respectively. The three-dimensional structure of K-Ras4A is not available. In italic are highlighted the amino acid residues of K-Ras4A and those of K-Ras4B, H-Ras, and N-Ras that are not solved in the three-dimensional structures. The amino acid residues that undergo post-translational modifications are indicated with different colors: Cys residues are in yellow, phosphorylated Tyr are in light blue, and ubiquitylated Lys are in pink. The NKCD (*i.e.*, G4) and the ETSAK (*i.e.*, G5) motifs have been boxed in red and black, respectively. The HVR domain and the CAAX motif are also shown. The G1-G5 loops that catalyze the GTP hydrolysis are evidenced. The arrows indicate the β-strands and the cylinders the α-helices. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 1

The structural organization of the Ras G domain, which is characterized by six β-strands, five α-helices and nine connecting loops, is highly conserved in all Ras small GTPases \[[@bib31]\] ([Fig. 2](#fig2){ref-type="fig"}, Panel A). Only the G domain of most Ras small GTPases has been crystallized and the three-dimensional structure solved at atomic resolution \[[@bib32], [@bib33], [@bib34]\]. The high flexibility of the Ras small GTPases *C*-terminus likely impairs protein crystallization. The three-dimensional structure of the α-helical K-Ras4B *C*-terminus, including the HVR region, has been determined only in complex with phosphodiesterase-δ (PDEδ); the protein:protein interaction induces the α-helical structural organization of the flexible HVR domain of K-Ras4B, which contains the highly reactive Cys residues \[[@bib30]\] ([Fig. 2](#fig2){ref-type="fig"}, Panel B). These Cys residues at the *C*-terminal region are highly reactive towards oxidative species and their molecular environment could regulate their reactivity, not only by controlling the interactions with oxidative species but also by modifying the p*K*~a~ of the thiol group \[[@bib35]\].Fig. 2Three-dimensional structures of RAS proteins. Panel A. Superimposition of K-Ras4B (in green, PDB ID code: 5TB5) \[[@bib30]\], H-Ras (in yellow, PDB ID: [3KUD](pdb:3KUD){#intref0015}) \[[@bib109]\], and N-Ras (in pink; PDB ID: [3CON](pdb:3CON){#intref0020}). Panel B: Intermolecular contacts in the crystal I and II isoforms of the K-Ras4B-PDEδ complex (PDB ID code: 5TB5 and 5TAR, respectively) \[[@bib30]\]. K-Ras4B is in green and PDEδ is in magenta. Amino acid residues Cys118 and Cys185 are in large characters. The pictures have been drawn with UCSF-Chimera package \[[@bib110]\]. Ribbon representation highlights the amino acid residues topology surrounding the Cys185 and relative proximal residues. This residue has been farnesylated for crystallization purposes and the intermolecular contacts show two different geometry of bound compounds. Panel C. Ribbon representation highlights the amino acid residues topology surrounding the Cys118 and relative proximal residues. Amino acid residues surrounding GppNHp (in light blue, left panel; PDB ID code: 6GOD) \[[@bib34]\] bound to K-Ras and GDP (in green, PDB ID code: 5TB5) \[[@bib30]\] bound to K-Ras4B. The G4 and G5 motifs, involved in the guanine nucleotide-dependent allosteric transition of Ras proteins, are highlighted in gold and brown, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 2

The Cys118 residue, located in the G4 motif, undergoes *S*-nitrosylation, which facilitates guanine nucleotide exchange \[[@bib16]\]. Moreover, Arg128 and Arg135 side chains promote the electrostatic interaction between the G domain of H-Ras and the plasma membrane \[[@bib36]\] ([Fig. 2](#fig2){ref-type="fig"}, Panel C).

The HVR domain contains residues that undergo post-translational modifications, which are essential for targeting Ras proteins to the cytosolic leaflet of cellular membranes. Moreover, all Ras proteins are farnesylated and carboxymethylated at the Cys186 (Cys185 numbering for K-Ras4B) residue of the CAAX motif \[[@bib30],[@bib37]\]. Upon GTP binding to the G domain, K-Ras, H-Ras and N-Ras associate with the effector Ras-binding domains (RBDs) through the Switch I and II subdomains, which undergo conformational changes upon nucleotide hydrolysis (*i.e.*, the conversion of GTP to GDP) \[[@bib33],[@bib38],[@bib39]\].

3. RAS protein post-translational modifications {#sec3}
===============================================

Under physiological and pathological conditions, H-Ras, N-Ras, K-Ras4A and K-Ras4B actions are modulated by farnesylation and palmitoylation, phosphorylation, ubiquitination, acetylation and oxidation (*i.e.*, *S*-nitrosylation and *S*-gluthationylation). Post-translational modifications of the HVR domain dictate the binding mode of Ras proteins to membranes. In turn, differences in the membrane association of Ras proteins have been shown to regulate effector recognition \[[@bib40], [@bib41], [@bib42]\]. The *C*-terminal CAAX motif (containing the invariant Cys186 residue) is subjected to a series of post-translational modifications \[[@bib39],[@bib43]\]. In particular, farnesylation and palmitoylation modulate the subcellular distribution of H-Ras, N-Ras, K-Ras4A and K-Ras4B, in which the Cys residues are the major players \[[@bib29],[@bib44]\]. In detail, a farnesyl group is covalently attached to Cys186 in the CAAX motif by farnesyltransferase. This prenylation reaction is followed by (*i*) the proteolytic removal of the AAX tripeptide (*i.e.*, Ile/Val-Ile/Leu/Val-Xxx) by Ras-converting enzyme-1 (RCE1), and (*ii*) the subsequent carboxymethylation of the resulting *C*-terminal Cys by isoprenylcysteine carboxymethytransferase-1 (ICMT1). In addition, the palmitoylation of Cys residue(s) adjacent to the CAAX motif by a palmitoyltransferase stabilizes the membrane anchoring of farnesylated H-Ras, N-Ras, and K-Ras4A (Hancock et al., 2003). The palmitoylation-depalmitoylation process of the *C*-terminal residues of H-Ras modulates the protein transit from the Golgi to the plasma membrane \[[@bib45]\]. Notably, phosphorylation, ubiquitination and acetylation play a minor role on the subcellular localization of H-Ras, N-Ras, K-Ras4A and K-Ras4B \[[@bib46], [@bib47], [@bib48], [@bib49], [@bib50]\]. In particular, K-Ras is monoubiquitinated at Lys147 \[[@bib48]\] and phosphorylated at Ser 181 \[[@bib28],[@bib51],[@bib52]\], H-Ras is ubiquitinated at Lys117 \[[@bib53]\], K-Ras4B is acetylated at Lys104 \[[@bib47]\], and N-RAS is phosphorylated at Tyr32 \[[@bib49]\]. However, the poly-Lys stretch of the HVR region of K-Ras4B allows its recruitment to the inner leaflet of the acidic plasma membrane by electrostatic interactions \[[@bib27],[@bib54]\].

4. Cysteine-based redox regulation of RAS isoforms {#sec4}
==================================================

The oxidation of Ras protein Cys residue(s) affects protein stability, activity, localization and protein-protein interactions ([Table 1](#tbl1){ref-type="table"}, [Table 2](#tbl2){ref-type="table"}).Table 2Major redox modifications on oncogenic Ras protein.Table 2Ras isoformInducerChemical modificationMethodCell typePhenotypic read-outReferences*KRASG12C* (Gly12→Cys)RNS (NO)*S*-Nitrosylation (Cys12)Biochemical analysisHuman LungTumorigenic activity\[[@bib55]\]*KRASC118S* (Cys118→Ser)----Tumour xenograft analysis\
Biochemical analysisMouse LungDecreased tumorigenesis\[[@bib56]\]*KRASC118S* (Cys118→Ser)----Tumour xenograft analysis\
Biochemical analysisMouse LungDecreased tumorigenesis\[[@bib57]\]*NRASG12C* (Gly12→Cys)\
*HRASG12V* (Gly12→Val)Retroviral expression--Cell survival, proliferation, and cell-cycle analysisHuman haematopoietic progenitorsIncreased proliferation\[[@bib58]\][^1]

4.1. Cys118 {#sec4.1}
-----------

Although the Cys118 residue (present in the NKCD region, located in the invariant *N*-terminal domain up to amino acid 166) is considered the primary target of ROS and RNS \[[@bib12], [@bib13], [@bib14], [@bib15], [@bib16], [@bib17]\], the involvement of this residue in the redox-based modulation is controversial. Conflicting results likely reflect the use of different methodological approaches, redox inducers, and cell lines ([Table 1](#tbl1){ref-type="table"}).

In 1995, nitric oxide (NO) was reported, for the first time, to modulate Ras activation in human T cells, by Cys118  *S*-nitrosylation, promoting guanine nucleotide exchange \[[@bib59]\]. This finding was later confirmed by structural and biochemical studies on the purified H-Ras protein \[[@bib16],[@bib60]\]. Further, eNOS has been reported to selectively activate N-Ras, but not K-Ras, at the Golgi of T cells via Cys118 *S*-nitrosylation. Notably, the activation at the Golgi has been shown to facilitate the positive selection of T cells, whereas N-Ras activation at the plasma membrane has been reported to induce the negative selection of T cells \[[@bib17]\]. Further, in mouse brain development, the iNOS-dependent *S-*nitrosylation of Cys118 of H-Ras has been shown to induce neurogenic effects on neuronal stem cells (NSC) \[[@bib14]\]. Importantly, the mutation of Cys118 to Ser (Cys118Ser) renders the G-domain of H-Ras insensitive to (*i*) free radical activation, (*ii*) GTPase activity, (*iii*) the intrinsic and GEF-mediated guanine nucleotide dissociation rate, and (*iv*) the ability to bind effectors \[[@bib60], [@bib61], [@bib62], [@bib63], [@bib64], [@bib65]\].

Moreover, in bovine aortic endothelial cells (BAEC) treated with oxidized low-density lipoproteins (oxLDL), MALDI-TOF mass spectrometry was used to identify *S*-glutathionylated Cys residues. Specifically, ROS-induced Cys118-glutathionylation increases the catalytic activity of H-Ras involving this residue, which is a mechanism of insulin resistance \[[@bib12]\] ([Table 1](#tbl1){ref-type="table"}).

*S-*nitrosylation of soluble cytoplasmic and membrane-bound H-Ras was also investigated in a model membrane system by optical waveguide light-mode spectroscopy. Cys-nitrosylation of H-Ras leads to the stimulation of the intrinsic GTPase activity that shortens the lifetime of the active GTP-bound state of the protein. Only the membrane-bound H-Ras is nitrosylated at Cys118 and this modification decreases the rate of GTP hydrolysis \[[@bib13]\]. Last, mass spectrometry analysis provided evidence that the endogenous Cys118-nitrosylation of the K-Ras4B isoform occurs in colon cancer cells and primary tissues \[[@bib15]\].

In contrast, in a rat model of cardiac hypertrophy, vascular smooth muscle cells (VSMC) treated with angiotensin II (AII) (an indirect inducer of redox modification) did not show evidence of Cys118 *S*-nitrosylation, as assessed by MALDI-TOF mass spectrometry \[[@bib11]\]. Moreover, stable Cys118-nitrosylation of H-Ras fragment 1--166 does not cause any significant perturbation in the secondary or tertiary structure, as demonstrated by structural and biochemical studies \[[@bib16]\].

The pivotal role of Cys118 in redox modulation has also been reported in lower eukaryotes (*i.e., Saccharomyces cerevisiae* and *Dictyostelium*), which express homologues of mammalian Ras \[[@bib66], [@bib67], [@bib68]\]. In particular, superoxide facilitates GDP exchange by targeting the Cys118 residue present in the NKCD motif of *Dictyostelium* Ras proteins (RasG); as shown in mammals, the Cys118Ala mutation impairs redox sensitivity \[[@bib63],[@bib67]\]. Furthermore, in *Saccharomyces cerevisiae*, mitochondrial dysfunction reduces yeast replicative lifespan by elevating Ras-dependent ROS production by the ER-localized NADPH oxidase Yno1 \[[@bib68]\]. It has been well established that Ras 2 (*i*) activates *Saccharomyces cerevisiae* adenylyl cyclase (CYR1) depending on the glucose level and (*ii*) regulates PKA activation by controlling cAMP levels \[[@bib69]\].

4.2. Other Cys residues {#sec4.2}
-----------------------

As the primary mediator of membrane attachment, the HVR domain has a significant influence on isoform-specific behaviour. Although Cys181, Cys184 and Cys186 are known to be modified by attached lipid molecules in intact cells, these reactive Cys residues may undergo oxidation and nitrosylation during normal and pathological cellular events. In particular, *S*-glutathionylation of H-Ras plays a critical role in Angiotensin II (AII)-induced hypertrophic signalling of cultured vascular smooth muscle cells (VSMC). MALDI-TOF mass spectrometry provided evidence that three modification sites are present on H-Ras at the *C*-terminal Cys80, Cys181, Cys184, and Cys186. However, Cys118-nitrosylation was not detected by mass spectrometry probably because NO is not involved in AII signalling in VSMCs \[[@bib11]\]. In addition, ROS directly alters protein palmitoylation by oxidizing the *C*-terminal Cys residues in a mouse model of metabolic syndrome. Specifically, in a high-fat-diet animal model, decreased H-Ras palmitoylation reflected the oxidation of the Cys181 and Cys184 residues. This induces H-Ras inactivation by trapping it at the Golgi and preventing physiological signalling through RAF-1 kinase \[[@bib18]\]. The isoform specificity is a critical issue from the structural viewpoint as the HVR has been only partially characterized. In fact, the oxidation of Cys residues 181, 184 and 186 was identified by MALDI-TOF analysis only in H-Ras \[[@bib11],[@bib18]\]. No other information concerning Cys residues is available for other Ras isoforms.

4.3. Unidentified Cys residues {#sec4.3}
------------------------------

Redox regulation has a profound impact on Ras localization \[[@bib19], [@bib20], [@bib21], [@bib22],[@bib70]\]. Cell-based studies show that different signalling outputs and phenotypic responses are associated with Ras oxidation, albeit without Cys identification. Studies with fluorescent probes in human cells show that the NO-mediated activation of H-Ras in different subcellular compartments regulates different downstream signalling pathways, which lead to various outcomes in proliferation, differentiation and apoptosis. In particular, in human HUVECs and HeLa cells, H-Ras is activated both at the plasma membrane and at the Golgi by low concentrations of *S*-nitrosoglutathione, leading to the activation of the Akt and ERK1/2MAPK kinases and promoting cell proliferation \[[@bib21]\].

*S*-nitrosothiols may competitively impair the palmitoylation of H-Ras in mouse fibroblast NIH-3T3 cells, thus preventing its localization to the plasma membrane \[[@bib19],[@bib22]\]. Similarly, in prostate cancer cells, hypoxia/hyperoxia regulates prenylation of H-Ras. Exogenous hyperoxia increases the intracellular oxygen concentration and induces the rapid H-Ras translocation from cytosol to the membrane; however, this effect is completely reversed by mevalonate, which is well known to induce Ras upregulation \[[@bib70],[@bib71]\].

5. Redox-sensitive RAS proteins in pathogenesis {#sec5}
===============================================

5.1. Oncogenic Ras {#sec5.1}
------------------

Oncogenic-*RAS* activation induces tumorigenesis by intracellular ROS levels, *i.e.,* superoxide \[[@bib10],[@bib58],[@bib72],[@bib73]\], ROS-generating NADPH-oxidase NOX4 \[[@bib74]\], ROS-generating NADPH-oxidase NOX1 \[[@bib75]\], unspecified intracellular ROS \[[@bib9],[@bib76], [@bib77], [@bib78], [@bib79]\], and mitochondrial-derived hydrogen peroxide \[[@bib80],[@bib81]\].

Oncogenic H-Ras has been shown to promote ROS production in a variety of human cell types, including embryonic lung cells \[[@bib72]\], human fibroblasts (Lee et al., 1996), immortalized keratinocytes \[[@bib79]\], and mouse and human macrophages and monocytes \[[@bib82]\]. In particular, the constitutive expression of the active form of v-H-Ras in immortal rat kidney epithelial cells caused cellular transformation and led to the production of a significantly larger amount of superoxide radicals with respect to wildtype cells. The overexpression of antioxidant enzymes, such as manganese-containing superoxide dismutase (Mn-SOD), effectively inhibited Ras-induced transformation indicating that Ras induces cellular transformation through ROS production \[[@bib73]\]. Ectopic expression of mutant H-Ras (Gly12Val) in human diploid fibroblasts increased ROS production \[[@bib80]\], and this effect was mainly regulated by NADPH-oxidase (NOX) \[[@bib7]\]. Furthermore, the constitutive activation of *HRAS* in haematopoietic progenitor and cancer cells dramatically increases ROS production via activation of the NADPH oxidase complex \[[@bib58],[@bib74],[@bib77]\].

The induction of ROS (*i.e.*, superoxide) mediated by NOX4 is the key step of K-Ras-driven cellular transformation, genomic instability and tumorigenesis \[[@bib7],[@bib10]\]. K-Ras orchestrates ROS production by promoting the localization of the NOX1 component p47^phox^ to the plasma membrane. This facilitates the interaction of p47^phox^ with protein kinase-C (PKC) isoforms to mediate cellular transformation \[[@bib75]\]. *KRAS* activation is believed to increase ROS production \[[@bib81]\]. In turn, high intracellular levels of ROS appear to contribute to the selective oxidative death of *KRAS* mutant cells. The conditional expression of the oncogenic *KRAS* G12D mutant increases the level of cellular ROS favouring the selective killing of *KRAS* mutant cells \[[@bib78]\]. In contrast, oncogene-induced Nrf2 transcription promotes ROS detoxification and tumorigenesis in mouse embryonic fibroblasts (MEFs), and in NIH-3T3 cells, it lowers cellular ROS \[[@bib9]\]. The association of K-Ras with Bcl-XL on mitochondria promotes apoptosis \[[@bib83]\].

Oncogenic *NRAS* is not directly associated with redox imbalance in cancer. Although oncogenic *NRAS* is associated with melanoma and lymphoid cancers \[[@bib50]\], the quantitative relationship between oncogenic N-Ras expression and ROS production has only been described in myelodysplastic syndromes, myeloproliferative diseases \[[@bib76]\], and in CD34 ^+^ haematopoietic progenitor cells \[[@bib58]\]. Notably, oncogenic *NRAS* (Gly12Asp) expression promotes the proliferative response mediated by increased ROS production in normal human CD34 ^+^ progenitor cells \[[@bib58]\], although to a lower extent than *HRAS* (Gly12Val). Interestingly, *NRAS* mutations in myelodysplastic syndromes (MDS)/myeloproliferative diseases (MPD) result in ROS production \[[@bib76]\].

The role of the redox-sensitive Cys118 has been investigated in mouse tumorigenesis. Both urethane-induced lung tumorigenesis \[[@bib56]\] and oncogenic *HRAS*-driven tumorigenesis (Huang et al*.,* 2015) are sensitive to loss of redox-dependent reactions with Cys118 ([Table 2](#tbl2){ref-type="table"}). Specifically, mutation of Cys118 (Cys118Ser) in a mouse model of tumorigenesis reduced lung tumour growth. These studies are of paramount importance in understanding the functional implications of Cys oxidation in cancer and focus on personalized therapy with Cys-directed covalent drugs, specifically in the case of oncogenic *KRAS* (Gly12Cys) \[[@bib84], [@bib85], [@bib86]\]. Indeed, *S*-nitrosylation of the Ras Gly12Cys mutant affects the tumorigenic growth of human and murine cell lines \[[@bib55]\] ([Table 2](#tbl2){ref-type="table"}). Two research groups have recently targeted the Gly12Cys mutation in the oncoprotein K-Ras-Gly12Cys \[[@bib84],[@bib85]\]. The Gly12Cys mutation induces conformational changes that favour GTP rather than GDP binding. They have independently found K-Ras-Gly12Cys inhibitors, now in phase one clinical trials, that bind to a "cryptic binding" site in the so-called switch II region, which is located in the vicinity of mutated Cys12. This binding site is distinct from the GTP pocket. One compound allosterically locks K-Ras-Gly12Cys in the GDP-bound, and hence inactive, state and impairs the binding of K-Ras to its downstream target, RAF.

5.2. Non-oncogenic Ras {#sec5.2}
----------------------

Compared with cancer, considerably less is known about the involvement of non-oncogenic Ras in redox-based pathology. The role of redox reactions in the pathogenesis of autoimmunity has been largely discussed and several different mechanisms of oxidative damage in several different autoimmune diseases have been reported \[[@bib87]\]. Endogenous H-Ras is chronically activated by ROS in skin fibroblasts from patients with systemic sclerosis (SSc), establishing a loop between increased ROS, the Ras/MAPK signalling cascade and the complex phenotype of scleroderma fibroblasts *in vivo* \[[@bib88]\].

Moreover, the involvement of oxidative stress in diabetes-induced retinal degeneration has also been investigated, demonstrating that the accumulation of ROS considerably affects all phases of diabetic retinopathy pathogenesis. In mouse models of this disease, translocation of H-Ras has been indicated as a plausible mechanism responsible for accelerated apoptosis of retinal capillary cells. The administration of simvastatin (an inhibitor of Ras protein prenylation) and silencing of H-Ras inhibit protein translocation to the membrane and pathology development. Further, the overexpression of Mn-SOD in mice prevented diabetes-induced activation of H-Ras \[[@bib89], [@bib90], [@bib91]\]. In addition, another member of the Ras family, R-Ras, has been reported to control retinal vessel maturation and stabilization in ischaemic retinopathy \[[@bib92]\].

Ischaemia and hypoxia are major players in heart and brain diseases. NO plays a key role in tissue function during hypoxia by regulating the *S*-nitrosylation of target proteins \[[@bib93],[@bib94]\], such as Ras and Ras-related GTPases \[[@bib64]\]. In particular, under hypoxic conditions, p21Ras is activated by *S*-nitrosylation initiating the translocation of H-Ras in the cytosol \[[@bib95]\]. Interestingly, the endogenous *S*-nitrosylation of membrane-bound H-Ras does not change during hypoxia in rat pheochromocytoma PC12 cells \[[@bib20]\]. Ras protein has been reported to undergo *S*-thiolation during reperfusion of ischaemic rat heart tissue \[[@bib23]\].

In the brain, ischaemia and hypoxia rely on astrocyte function. In fact, astrocytes are specialized CNS oxygen sensors tuned for rapid detection of physiological changes in brain oxygenation \[[@bib96]\]. Interestingly, among the mammalian tissues, the highest level of Ras proteins (K-Ras mainly) was detected in the brain \[[@bib97],[@bib98]\], albeit the protein levels in neurons or associated glial cells are unknown. The exposure of primary astrocytes to exogenous hydrogen peroxide induces an intracellular burst of ROS that mediates different transcriptional, translational and post-translational actions of H-Ras and K-Ras proto-oncogenes \[[@bib99], [@bib100], [@bib101]\]. Furthermore, trophic deprivation (the main inducer of autophagy) results in the initial increase of intracellular ROS levels \[[@bib102]\] and acute H-Ras induction in primary astrocytes \[[@bib99]\]. These studies examined the role of two members of the small GTP-binding proteins family, H-Ras and K-Ras, which are highly expressed in astrocytes, albeit not fully characterized, and suggest that astrocytic Ras-dependent pathways are important mediators for neuroprotective adaptive response to oxidative stress.

Similarly, transcriptional induction of *HRAS*, *NRAS*, and *KRAS* in cultured primary astrocytes is induced by interferon-γ treatment, which is the most potent inducer of ROS-RNS formation in target cells \[[@bib103]\]. Moreover, adult human astrocytes stimulated with interferon-γ exert potent neurotoxic effects *in vitro* \[[@bib104]\], possibly reflecting the transient upregulation of *HRAS* in cultured astrocytes by ROS.

6. Conclusions {#sec6}
==============

The oxidation and reduction of Cys residues provide a mechanism that rapidly and reversibly alters protein functions, albeit at physiological ROS levels. The Cys-based oxidative modification of H-Ras can be extensive *in vivo,* both *S*-nitrosylated and *S*-glutathionylated forms may be important, and oxidation may occur on reactive Cys residues that are usually targeted for lipid-modification reactions. Thus, these chemical modifications could act as antagonists of the physiological processing of the proteins and subsequent proper subcellular localization. Moreover, studies on Cys-directed therapy have increasingly gained attention in personalized cancer therapeutics \[[@bib86]\].

Isoform-distinct Ras biological roles in normal and neoplastic cells are increasingly appreciated, but biochemical studies of native proteins are currently lacking. Indeed, the crystallographic structure of full-length proteins is still lacking, as only the structure of K-Ras4B in complex with PDEδ has recently been reported \[[@bib30]\]. Many studies use a single isoform (namely, H-Ras); therefore, the lack of evidence for other isoforms does not exclude their involvement in redox biology.

Moreover, site-directed mutagenesis is often employed to determine whether specific Cys residues (mainly Cys118) have redox-regulated functional roles, but this approach provides no information on the oxidation status of the endogenous protein. The generation of oxidized Ras by adding bolus oxidants to cells and the overexpression of recombinant and/or truncated proteins represent significant caveats for the investigation of the redox biology of Ras. Moreover, cell-based studies should be performed with endogenous ROS sources and redox state characterization and be absent of GTPase overexpression. Indeed, redox-sensitive probes targeted to different cellular compartments will revolutionize our understanding of *in vivo* redox signalling in both time and space \[[@bib105]\].

More recently, reactive cysteines have been targeted by high-throughput screening and fragment-based ligand discovery efforts \[[@bib106]\]. Specific Cys residues function as redox-dependent switches in most ROS-dependent Ras signalling events. Whether the oxidation state of thiol groups can be harnessed to develop a unique class of redox-sensitive small molecule drugs remains to be seen.
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[^1]: Footnote: Cysteine residues sites of redox modification are listed in the table with principal redox-inducer and experimental model specifications (reactive oxygen or nitrogen species; type of chemical modification; phenotypic cellular read-outs; analytical methods). This list focuses on aspects relevant to the current paper and is not intended to be truly comprehensive. ^a^ No effects means no measurable effect on the protein structure, GTPase activity, intrinsic and GEF-mediated guanine nucleotide dissociation rate, or the ability to bind an effector; ^b^ The recombinant p21ras was obtained from BioMol (Plymouth Meeting, PA).
